This paper analyzes some important issues surrounding possible deployment of genetically engineered (GE) insect-resistant potato in Peru, based on a large farmer survey held in Peru in 2003. We found that the formal seed system plays a limited role compared with the informal seed system, especially for smallholder farmers. Although 97% of smallholder farmers would buy seed of an insect-resistant variety, a majority would buy it only once every 2 to 4 years. Survey data show that farmers would be willing to pay a premium of 50% on seed cost for insect resistant varieties. Paying price premiums of 25% to 50%, farmers would still increase their net income, assuming insect resistance is high and pesticide use will be strongly reduced. Of all farmers, 55% indicated preference for insect-resistant potato in varieties other than their current varieties. The survey indicates that smallholder farmers are interested to experiment with new varieties and have a positive perception of improved varieties. Based on these findings, and considering the difficulties implementing existing biosafety regulatory systems such as those in place in the U.S. and E.U., we propose to develop a variety-based segregation system to separate GE from conventionally bred potatoes. In such a system, which would embrace the spread of GE potatoes through informal seed systems, only a limited number of sterile varieties would be introduced that are easily distinguishable from conventional varieties.
INTRODUCTION
Agriculture in many developing countries is still the most important economic sector, with the largest part of their population living off agricultural production. Large numbers of these farmers are smallholders. Harsh climatic conditions, marginal and isolated areas, subsistencefarming at family and community level, and much more diversity in pests and pathogens contrast developing versus developed country agriculture.
Potato production in the Andes is affected by a particularly high number of pests and diseases, resulting in low yields or extensive use (often sub-optimal) of pesticides (Cole et al., 1998) . Yield improvements, production cost reductions, and reduced negative health and environmental impacts have been observed for other crops when pest and disease resistant varieties were obtained from applying genetic engineering (GE) (Pray et al., 2002; Qaim and Zilberman, 2003) . This may apply as well to adoption of GE insect-resistant potato and provide such benefits for farmers, environment, and consumers in developing countries (Ghislain et al., 1999) .
Peru is host to almost 100 wild potato species (Salas et al., 2001; Spooner et al., 1999) , and most of the thousands of landraces, or farmer varieties, occur in Peru and Bolivia (Huamán, 1998) . Of the approximately 40 improved potato varieties developed by national and regional breeding programs, only a few are available country-wide.
Peru counts about 600000 potato farmers (III Censo Nacional Agropecuario, Ministerio de Agricultura, Peru; Lima, 1996) . Most of Peru's potato cultivation is done in the highlands (approximately 90%) and about 10% is done in the coastal areas. Most of the native cultivars are grown in the highlands in the South and the North of the country. Highland farmers balance their potato production between native cultivars and improved varieties based on the varieties' differences in productivity versus market J. Buijs et al. prices, on avoiding risk, and on a range of cultural factors.
There are two different seed systems. The so-called informal seed system refers to smallholder farmers who produce their own seed, exchange, or buy seed from other farmers. The formal seed system is specialized in commercial potato production and involves a certification process (Thiele, 1998) .
Peru currently has started to develop its own biosafety regulations and is gradually developing its regulatory capacity. However, there is in general little scientific capacity for biotechnological research and development available in the country (Falconi, 1996) . The general objective of the government's agricultural policy is to increase the national producers' efficacy, profitability, and competitiveness, and a major objective is increasing exports (Falconi, 1996) .
The two best-known genetically engineered (GE) crop regulation systems are those developed and currently in use in the U.S. and the E.U. These regulatory frameworks reflect two contrasting and opposed views on how GE crops and their derived products should be regulated.
The US's equivalence-based regulatory framework relies on existing health and safety regulations for other adapted and modified products to assess the products derived from genetic engineering. In this system, existing regulations are adjusted to suit the regulatory requirements that new products bring. This process of updating regulation is dynamic and continues to take place with the advance of our scientific knowledge (Weiss, 2000) . Segregation and labeling of GE (containing) products is only required if there are health concerns with the product, differences in use or nutritional value, or when the common name no longer adequately describes the food derived from the GE crop plant. The market-driven traditions in the United States are conducive to a situation in which GE and non-GE products should have equal economic opportunity.
The European Union has adopted a new and unique regulatory framework. This framework is based on strict segregation and labeling, and it requires four things in addition to the requirements of the US regulatory framework.
(1) The public is informed about GE food products through a mandatory labeling system. (2) A postmarket monitoring system exists that includes research into the long-term effects of GE-derived products on human health and the environment. (3) Traceability is to be ensured throughout the entire production and distribution process. (4) Co-existence between GE and organic farming is meant to provide farmers and consumers equal opportunity for choice.
Existing biosafety regulatory systems, like those in place in the US and EU, are difficult to transpose to developing countries, mainly because of the importance of informal seed systems and small-scale agriculture. Both regulatory systems therefore pose serious constraints regarding adoption or deployment in such countries. Although the non-requirement for labeling seems an economically attractive option at first sight, in adopting the equivalence-based US regulatory system, developing countries cannot count on extensive experience in safe handling of products and in enforcement, such as are available in the US. Any requirements for regulation for internal or export markets would be hard to meet for the vast majority of developing countries. The EU biosafety regulatory system, based on strict segregation, traceability, and mandatory labeling along the whole food chain from seed to food, likely requires considerable scientific and institutional capacity that is rarely available in developing countries. The difficulties associated with prevailing informal seed systems (farmer-to-farmer seed trade is vitally important for smallholder farmers) and the large number of smallholder farmers in developing countries would make the tracing and labeling process relatively more costly and difficult to implement. Such costs induced by GE innovations may outweigh the gains (Lapan and Moschini, 2004) . The inability to implement an effective segregation system has generated the fear of export loss for agricultural products in developing countries (Cohen and Paarlberg, 2002) . Together, these factors caused many developing countries to decide not to grow GE crops yet. Therefore, it seems that neither the US nor the EU regulatory system is appropriate for developing countries.
Instead, a regulatory system could be developed locally as proposed by McLean et al. (2002) . Although more time-consuming, this conceptual framework approach for biosafety regulation development presents the advantages of using local capacity and context as the basis.
The present research looks at the implications of the introduction of GE potato varieties with insect resistance (Bt), taking Peru as a case that presents many of the complexities for deployment of GE potato varieties in developing countries, as described in Ghislain et al. (2003) . The safety of Bt as bio-pesticide has a long history of safe use, whereas its expression in plants has already a decade of use with no reports of adverse effects on human health (Betz et al., 2000; Kough, 2003; Shelton et al., 2002 ). An extensive farmer survey forms the basis of our assessment of needs and opportunities for deployment of GE potatoes in the Andean region, and in particular current potato cultivation constraints, insect control GE potato segregation Environ. Biosafety Res. 4, 3 (2005) methods and their associated costs, aspects of potato variety choice, and farmers' perception of the importance of advantages and disadvantages associated with the introduction of insect-resistant (GE) potato. The survey intentionally avoided making reference to GE varieties due to the complexity of presenting a balanced view on the technology that is currently negatively advertised locally.
RESULTS

Potato production problems in Peru
The farmer survey on potato variety use, management of insect pests and diseases, and farmers' views on the adoption of new varieties revealed which are the most important potato cultivation constraints among Peruvian smallholder potato farmers. Among different abiotic cultivation constraints examined, frost appeared to be the biggest abiotic constraint to potato cultivation, followed immediately by drought, based on the relative incidence index 1 calculated by the number of times this production constraint was reported as most important by the farmers in the survey (Tab. 1). However, considering the extent of the damages to crop cultivation (for every four cases of little damage, one case of total destruction of the crop occurs), frost is more damaging than drought (for every sixteen cases of little damage, one case of total destruction occurs). Flooding occurs much less frequently, but has a very high relative damage index.
When all potato cultivation constraints are assessed, which include abiotic and biotic factors and marketing and price problems, potato late blight has the highest importance, followed by the insect pests Andean potato weevil (APW) and potato tuber moth (PTM) (Tab. 2). However, by summing the incidence indices of these two insect problems, the total insect problem appeared to be the most important potato production constraint, followed closely by the late blight disease.
Variety choice
Survey data about variety choice indicated the farmers' most popular current varieties (Tab. 3). The best-appreciated characteristics in these varieties are productivity and market price, followed by disease resistance and taste. Earliness is also an important characteristic. Table 4 shows the varieties that are most sought to be cultivated in the near future. These varieties are appreciated for the same characteristics. Interestingly, the currently popular variety Yungay did not end up in the top 15 varieties sought after for future cultivation.
Varieties that have gradually been abandoned in the past ten years include (in decreasing order of importance) Renacimiento, Liberteña, Mariva, Revolución, Huayro, Tomasa, Amarilla, Yungay, Huancaya, Limeña, Perricholi, and Bole. The most important reasons for leaving these varieties are low productivity, low level of resistance (mostly to late blight), low price, high investment costs and degeneration or greening of seed tubers or seed tuber unavailability.
Farmer types (landless, very small, small, medium, large, and very large) were categorized according to the size of their land holdings in ha. Surprisingly, variety choice seemed to be largely independent of landholding size. The popularity of currently grown varieties and future sought-after varieties for the different farmer categories is shown in Table 5 and Table 6 .
When farmers were asked whether they would prefer a new variety with insect resistance to be similar to their current varieties, or different, the answer distribution showed an almost equal number of farmers preferring a different or a resembling variety, with a slight favor for a different variety. The most important reasons for preferring the resembling variety are derived from conservative arguments (in decreasing order of importance): "the current variety has a good market", "it has good field resistance (to other important production constraints)", and "it has a nice color and taste". The reasons for preferring a different variety were mainly (in decreasing order of importance): "expect better resistance", "expect better production", "just to try", and "expect good quality seed (tubers)". These reasons for preferring a different variety indicate a relatively high level of trust in new improved potato varieties, and willingness to experiment with new varieties.
Seed purchase
Although most farmers that cultivate the currently popular varieties buy seed tubers, most do not obtain these through Values are confident, because the margin of error is below 2.5% (out of the 500 farmers surveyed, 486 answered that they grow at least one of the listed potato varieties -82.6% of the total varieties named -while 14 did not provide an answer at all).
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Environ. Biosafety Res. 4, 3 (2005) the formal seed system (certified seed sellers), but rather through self-multiplication after buying the tubers once as a group, from neighbors from their own community or from acquaintances from other communities (Tab. 7). Smallholder farmers do buy seed tubers, but the majority does so only once in two to four years, and maintains their varieties through their own multiplication of planting material.
Management practices
Since two important issues with the deployment and use of a GE potato with insect resistance are insect resistance management (IRM) and establishment of segregation between GE and conventional varieties, two other questions were raised: 1) whether farmers would be able to always sow the new insect-resistant variety next to one of their current susceptible varieties, and 2) whether farmers would be able to refrain from mixing varieties during sowing, harvest, and storage. Of all farmers, 68% stated they would not be able to always sow the insectresistant variety next to one of their current susceptible varieties 2 . Regarding seed separation practices, 89% of the farmers stated they could refrain from mixing (many farmers already prefer not to mix varieties) and 11% stated they could not refrain from mixing varieties.
Another aspect related to segregation of potato varieties is the flow of potato varieties through the markets. It can be argued that markets supplied by higher numbers of farmers with higher numbers of different potato varieties would in principle be markets that could also contribute more strongly to possible occurrence of seed mixes of GE and conventional varieties (e.g., a smallholder farmer who mixes his varieties could buy a Farmers were explained during the interviews that in order to sow this new, insect-resistant variety, they would be obliged to also sow a variety that is not insect-resistant (a refuge), to control build up of resistance within the insect.
GE variety from a market). We analyzed farmers' potato marketing data from the survey to assess which markets might possibly contribute more to the chance of occurrence of GE/conventional potato seed mixtures resulting from contact between farmers and varieties in these markets (data not shown). Markets in Lima receive the largest quantity of potatoes supplied by potato-selling farmers in Peru, altogether providing the market with a relatively high number of varieties. However, most farmers selling in Lima bring on average only a few (many times the same) potato varieties. On the other hand, markets such as the ones in Calca, Cusco, Hermelinda, and Urubamba (all in Cusco) supplied by many farmers (but fewer farmers than the markets in Lima) receive a higher average number of varieties per farmer. To better express the extent of contact between potato varieties and farmers at any given visiting moment at the market (relative to the other markets only), we introduce the Farmer Variety Contact Coefficient (Cfvc). Cfvc is calculated as:
Here, Nv is the number of different varieties sold in this market (observed), Nva is the total number of variety accessions sold by the farmers in this market during the course of the last season (e.g., if two varieties have been sold in a market, and variety A is sold by 10 farmers, and variety B by 20 farmers, then Nva for this particular market is 30), and Nf is the number of farmers selling their potatoes in this market (observed). Farmer Variety Contribution (Fvc, or average number of varieties per farmer) is calculated as Nva divided by Nf. Cfvc is lower in the Lima market, but from all markets in our assessment it is highest in Lamay, Chumpe, and Calca (all in Cusco), due to their higher average number of varieties per farmer, increasing the contact between farmers and varieties at any given visiting moment.
Costs and benefits
An important question is whether smallholder farmers in Peru would benefit from the deployment of an insectresistant (GE) variety. Our farmer survey confirms that many smallholder farmers use improved varieties, such as Canchan and Yungay (Tabs. 3 and 5). From the farmers with 0-0.49 ha, 55.6% grows Canchan and 22.2% grows Yungay; for those with 0.5-0.99 ha, 81.0% grows Canchan and 81.0% grows Yungay; for those with 1-2.99 ha, 58.4% grows Canchan and 52.6% grows Yungay; and for those with 3-9.99 ha, 50.6% grows Canchan and 46.3% grows Yungay.
The survey indicated that 97% of smallholder farmers would be willing to pay more for an insect-resistant potato variety, and that most smallholder farmers would be willing to support a price increase of S./ (Soles) 3 0.10 to 0.30 per kg of seed tubers for an insect-resistant potato with a S./ 0.20 increase being the point of highest response (Fig. 1) . The average price of a kg of seed tubers in Peru currently is about S./ 0.40 per kg, so the indicated acceptable price increase of S./ 0.20 represents 50% of the current price. The most important reasons for the support of a higher price are the expectance of reduced yield losses and reduced investments in pesticides. These arguments were returned 19.8 and 16.8 times more often, respectively, than the third argument that favored the resistant potato because of reducing exposure to toxic 
Nv Nva
Environ. Biosafety Res. 4, 3 (2005) 185 pesticides. The most commonly reported reasons for not being willing to pay extra were doubt about the effectiveness of resistance and lack of financial resources. The majority of smallholder farmers responded that they would not be able or willing to buy seed of the resistant variety every year. When farmers are categorized by landholding size, the price increase of S./ 0.20 per kg is the most common response among most groups (Tab. 8). It was not the most common response for the groups with 0-0.49 ha and >50 ha. These groups had the smallest number of farmers in the survey and thus the response distribution may be distorted.
It must be noted that farmers also suffer yield losses through insect damage, especially in storages, even while using pesticides. Field and storage damages were reported by farmers, and corresponding monetary losses were calculated using an average price of 0.37 soles per kg of potatoes produced. The average losses due to potato tuber moth and Andean potato weevil in the field and in storage are shown in Table 9 . These values are confident with a margin of error inferior to 12% (429 farmers out of the 500, answered the survey for 85.8% of the response for the main problem). Farmers' current costs on pesticide use to control the most important insect pests averages S./ 286.43 per ha plus storage use as calculated from survey data (data not shown).
DISCUSSION
The impact on smallholder farmers of the diffusion of GE crops in developing countries is a central question of the International Agricultural Research Centers involved in agricultural biotechnology. These varieties need to be identifiable all along the production chain to implement specific crop management practices. The case studied here, insect resistant potatoes in Peru, presents two major crop management issues: reducing occurrence of pest resistance and of gene flow to non-GE varieties and related species. The former is related to the need to maintain a source of susceptible hosts at the proximity of the insectresistant variety to avoid pests becoming resistant. The desirability of gene flow in centers of origin and diversity of GE crops is still an unresolved issue.
The survey showed that production problems caused by Andean potato weevils and tuber moths were the second and third most important production constraints to farmers, respectively, right after late blight. Surprisingly, when lumped together, these insect problems collectively are as important as late blight. These results reveal the opportunity that host plant resistance to these pests could provide to farmers.
Contrary to the perception that smallholder farmers in Peru hardly cultivate commercial varieties, but instead mostly landraces, the survey showed that smallholder farmers are cultivating commercial varieties. Varieties such as Canchan, Yungay, Perricholi, and Unica are highly popular among all farmers (Tabs. 3 and 4). This is further exemplified in Tables 5 and 6 , which show that these same commercial varieties are relatively popular with farmers of all sizes, even those with the smallest landholdings. This finding is extremely important, because any impact of commercialization of potato will also impact the fragile economy of smallholder farmers.
Considering whether an insect resistant variety should be new or similar to their existing varieties, farmers were divided almost equally between a conservative attitudecurrent variety has a good market potential -and a progressive attitude -new variety may come with new attributes on top of insect resistance. This might indicate that whether new improved varieties should or shouldn't be different from existing varieties is not the most pertinent issue for farmers.
Farmers do not purchase seed yearly, but prefer to do so once every two to four years. They buy their seeds mainly through informal seed systems; the established national institution did not appear to play a significant role. For the variety Canchan, 91.7% of the seed tubers are bought (and the rest is traded or borrowed), but only 3.0% of the bought tubers is bought from certified seed sellers. Thus it can then be estimated roughly that a maximum of 2.8% of all Canchan seed tubers used are bought from certified seed sellers. For Yungay this number is as low as 0.7%, for Amarilis it is 1.4%, and for Perricholi and Amarilla it is close to 0%. The Peruvian formal seed system thus supplies only marginal amounts of certified seeds to farmers. This finding makes clear that variety diffusion through the private sector, often proposed for GE varieties, would be a very slow process for variety changes.
Almost 90% of the farmers felt that avoiding mixture of varieties was feasible if required. Nevertheless, the results summarized in Table 7 and the results on farmervariety contact imply that even when a GE potato variety is distributed through the formal seed system, it cannot be guaranteed that variety mixing will be avoided. The Cusco region forms an especially sensitive area, with high contact between farmers and varieties.
Not too surprising was farmers' rejection of the idea of maintaining a susceptible variety side-by side with the resistant variety (nearly 70% felt they would not do so). Because sanctions for infringing crop management rules are unlikely to be effective, the resistance management system in place in developed countries needs to be reviewed. Even though the desirability of gene flow in centers of origin, or in the vicinity of landraces is still much debated, it is advisable to restrict gene flow in the particular case of insect-resistant potato varieties in the Andes. First, because under such limitation, the production of other potato varieties would play the role of refuge and provide susceptible populations of insects. A two-gene approach may also be advisable, to reduce the importance of the presence of refuges in the resistance management strategy. In a two-gene approach two different resistance genes are introduced into a crop, requiring the target pest to simultaneously develop resistance against both. Second, research on the occurrence of gene flow between cultivated and wild potato species in Peru concluded that due to ample possibility for cross-fertilizations, male sterile varieties should be used for planting GE potato crops in the Andean region (Celis et al., 2004) .
Finally, the survey indicated that farmers have an entrepreneurial attitude towards a seed premium for insect resistance, with 97% of the farmers likely to accept a price increase. Surprisingly, even those farmers with smaller landholdings almost equally respond that a S./ 0.20 increase is acceptable, while we would have expected the farmers in the smaller size categories to respond more towards the smaller increases (Tab. 8). Assuming that S./ 0.10 (25% of the current price of S./ 0.40 for conventional, improved potato seed tubers) per kg of seed tubers would be the extra price required to produce and distribute the insect-resistant GE potato, and taking an average of 1500 kg seed tubers required to sow one ha, this would mean roughly an extra cost of S./ 150 ($ 45.5) per ha. Comparing this cost with the current pesticide use to control the most important insect pests, which averages S./ 286.4 ($ 86.8) per ha plus storage use, a maximum net production cost reduction of S./ 136.4 ($ 41.3) per ha could be realized if pesticide use were entirely eliminated with the use of a GE variety. Because potatoes suffer insect damage, even with pesticide application, it can be argued that an efficient insect resistant GE potato might be able to further increase the financial benefits for farmers by reducing these damages (Tab. 9). However, it must be noted that the pesticides used are applied for controlling both potato tuber moth and Andean potato weevil, and that an insect-resistant GE variety probably should combine resistance to both these insects (of orders Lepidoptera and Coleoptera) to become an effective and sustainable strategy. Moreover, the reduction in use of broad-range pesticides as a result planting insect-resistant potato, may result in increased importance of secondary insect pests. This could reduce the overall economic benefits from such an insect-resistant variety. More ecological studies should be carried out to investigate this balance.
Considering the importance of the informal seed system, we conclude that new models for rapid variety distribution are needed that embrace the involvement of the informal seed system and that integrate the service quality typical of the private sector. Given the results of this survey, the importance of the informal seed system, and the necessity of refuges, we suggest that the deployment of insect resistant GE potato varieties proceed only with selected commercial varieties that are sterile. Sterility, in vegetatively reproduced crops such as potato, allows control of gene flow whilst not hindering farmers to multiply their own planting material. The segregation between GE and non-GE varieties would rely on one or a number of unique characteristics of the GE variety that makes it easily recognizable and distinguishable. Such a variety-based segregation system would also be applicable to clonally propagated crops in other developing countries. Under a variety-based segregation system, appropriate policies may be developed to reduce labeling and monitoring costs, which might present distinct advantages in developing country settings.
MATERIALS AND METHODS
The prime method used for this research has been a farmer survey. The aim of the survey was to assess current potato cultivation constraints, current control methods and their associated costs, aspects of potato variety choice, and farmers' perception of the importance of advantages and disadvantages associated with the possible introduction of insect-resistant GE potato.
The survey was carried out in the Peruvian departments of Cajamarca and La Libertad in the northern highlands, Huánuco and Junín in the central Andes, and Cusco in the southern highlands. These departments were selected because of their importance as main potatoproducing areas in Peru. The interviews were done in the period of August-October 2003, during potato storage in the highlands. To estimate the size of the survey, we followed the method of Birnbaum and Sirken (1977) for completely random samples: n = t α 2 PQ / d 2 , for infinite populations, where t α is the standard normal deviate, P and Q are the proportion of responses, and d is the margin of error. We used a risk α = 2.5%, the least favorable case of P = 0.5, and a margin of error d = 5%, to obtain the calculated sample size n = 2.24 2 0.25 / 0.05 2 ≅ 500 individuals.
In total, 500 farms were surveyed, 100 in each department. In each department, four communities were selected and in each community, 25 farms were surveyed. An altitude range of 2000 to 3800 m.a.s.l. was kept as a parameter for community and farm selection. Within the altitude range, communities were selected based on ease of reach and already established contact with the interviewers, and to a minor extent on known prevalence of potato tuber moth. Farms were selected for complete surveying only if cultivating potato. No selectivity was used, however, concerning farm size, even though the majority of the farms in the selected areas fall under smallscale agriculture. Previous contact between interviewers and communities may have had a minor influence on the innovativeness of some of the interviewed farmers. Yet, the set up of our questionnaire and the type of questions asked have ruled out such bias as far as possible.
The survey consisted of 78 questions (single or composite), which were addressed by the interviewer using structured interviewing and standardized techniques. To minimize the risk of biased answers, the survey used the term 'new insect-resistant variety' instead of 'GE variety'.
